Erythrocytes from various species showed a gradient of sensitivity to agglutination by arboviruses, from reptile erythrocytes, relatively insensitive, to avian erythrocytes, the most sensitive tested. Lipids extracted from both inagglutinable and agglutinable erythrocytes inhibited arbovirus haemagglutination. Lipid fractionated on DEAE-cellulose columns yielded two major inhibitory fractions, one containing only neutral lipid including cholesterol and another phospholipid and neutral lipid but no cholesterol. Fractionation of the lipid on silicic-acid columns resulted in a loss of activity in the fractions compared with the total lipid extract. Recombination of the fractions did not restore the inhibitory activity. Similar loss of activity followed treatment of lipid extracts with digitonin.
INTRODUCTION
The observations by many workers that lipids inhibit arboviruses led to the suggestion by Salminen (I96O) and Nicoli (1965) that lipids were involved in the receptor site for arboviruses on erythrocytes. Porterfield & Rowe 0960) showed that arboviruses were inhibited by lipids extracted from serum and claimed that the inhibitory activity was due to lecithins. Salminen (I962) postulated that cholesterol was essential for the inhibitory activity of lipid fractions from human serum. Nicoli 0965) considered that he had resolved the contradictory results of previous workers by showing that phosphatidyl cholines were essential for inhibitory activity of lipid fractions in haemagglutination-inhibition (HI) tests performed at the optimum pH for haemagglutination. Frisch-Niggemeyer (I967) used tests similar to those used by Nicoli (I965) and claimed that triphosphoinositide was essential for inhibitory activity, and that phosphatidyl cholines and other lipids were inhibitory only if associated with triphosphoinositide. I therefore re-examined the role of certain lipids in the inhibition of arboviruses.
Lipid standards. Cholesterol, Cholesterol oleate, cholesterol acetate, lysolecithin (from egg lecithin, Grade II), cephalin (fl-~,-dipalmitoyl L-~-cephalin, Grade II), fatty acid standard I (a mixture of cholesterol, cholesterol oleate, oleic acid, methyl oleate and triolein) and fatty acid standard 2 (a mixture of cholesterol, cholesterol oleate, oleic acid, lecithin and triolein) were purchased from the Sigma Chemical Company (St Louis, U.S.A.). Lecithin (bovine), sphingomyelin (bovine) and oleic acid were purchased from Applied Science Laboratories (State College, Pennsylvania, U.S.A.).
Lipid extraction.
Blood was collected in acid-citrate-dextrose solution (Clarke & Casals, I958 ) and the cells washed twice with dextrose-gelatin-veronal solution (Clarke & Casals, I958) and twice with physiological saline. The weighed packed cells were extracted by the method of Folch, Lees & Stanley 0957) except that the extract was washed once with a 0.2 volume of physiological saline. The extract was dried in a rotary evaporator under reduced pressure of nitrogen, reconstituted in chloroform and stored under nitrogen at -20 ° in teflon-lined screw-capped tubes. In tests comparing snake and gander erythrocytes the dried lipid was reconstituted in 4 ml. chloroform/g, packed erythrocytes. In other tests the lipid was reconstituted in I ml. chloroform/g, packed erythrocytes.
Column chromatography. Lipids extracted from gander erythrocytes were fractionated on DEAE-cellulose columns by the method of Rouser et al. (I963) . A sample of lipid extract equivalent to 5 g. wet packed cells was applied to the column and each of the fractions collected was dried and reconstituted in 5 ml. chloroform. Lipids extracted from erythrocytes of a gander and a sheep were fractionated on silicic acid columns. Ten g. silicic acid (Mallinckrodt, New York, IOO to 300 mesh) was successively washed with petroleum ether, ether, acetone and then ether and after drying in air, heated at I IO ° for 24 hr. A slurry of activated silicic acid in chloroform was poured into a chromatography column. The prepared column (250 mm. x Io mm. i.d.) was washed with 50 ml. petroleum ether, Ioo ml. acetone, IOO ml. chloroform+methanol (2:I, v/v), Ioo ml. acetone+ether (I:l, v/v), Ioo ml. ether and IOO ml. petroleum ether. Samples of lipid extracts equivalent to 5 g. packed sheep erythrocytes and I g. packed gander erythrocytes were applied to similarly prepared columns in I ml. 2 ~ (v/v) ether in petroleum ether. The first fraction was eluted with 250 ml. 5 ~ (v/v) ether in petroleum ether. The total eluant was collected as one fraction. Further fractions were eluted with 500 ml. zo ~ (v/v) ether in petroleum ether, 25 ° ml. 50 ~ (v/v) ether in petroleum ether, 500 ml. ether, 250 ml. 20 ~ (V/V) methanol in chloroform, 250 ml. 50 ~ (v/v) methanol in chloroform and 500 ml. methanol. Each fraction was dried and taken up in lo ml. chloroform. In HI tests the concentrations of total lipid extract were adjusted so that individual fractions were compared with the total lipid extract applied to the column.
Thin-layer chromatography. Lipids were identified on layers of silica gel (Whatman, Thin Layer Chromedia SG 4 I) 0"2 ram. thick, prepared from a slurry of silica gel in water (I : 2, w/v) using a CAMAG applicator (CAMAG, Muttenz, Switzerland) . Commercially prepared thin-layer sheets (Eastman Chromagram Sheets Type K3oIR, Distillation Products Industries, Rochester, New York) were also used. Plates were prewashed in the solvent used for development, or, for multiple development, in the first solvent used. After drying in air, the plates were activated at r io ° for I hr. CAMAG chromatography jars, or battery jars lined with filter paper, were saturated with solvent overnight before use. The neutral lipids were separated by developing thin-layer plates with petroleum ether+ether+acetic acid (Kelley, I966) and phospholipids with chloroform + methanol+ water (65:25:4, v/v/v) (Marigold, ~ 962). Spots on chromatograms were located by exposing them to iodine vapour. They were then sprayed with reagents to locate particular classes of lipids: bromothymol blue (all lipids), rhodamine 6G (all lipids), antimony trichloride (steroids), phosphoric acid+phosphomolybdic acid (steroids), molybdenum blue (phospholipids), Dragendorff's reagent (lipids containing choline) (Waldi, I962; Dittmer & Lester, x964) and ninhydrin (amino-phosphatides) (Chromalay, May & Baker Ltd, Dagenham, England) .
Digitonin precipitation of cholesterol Cholesterol was precipitated with digitonin by the method of Leffter & McDougald (1963) and recovered from the digitonide by the method of Bergmann 094o). Determination of cholesteroL Cholesterol was determined by the method of Horvath (I966). Virus strains. Four group A, seven group B and two Koongol group virus strains were used (Table 1) .
Haemagglutination tests. Haemagglutination tests were done with mouse-brain antigens extracted with sucrose + acetone (Clarke & Casals, 1958) . The concentrations of erythrocyte suspensions in phosphate-buffered saline were adjusted to the same optical density on a spectrum colorimeter (Lange, Germany).
Haemagglutination-inhibition tests. Lipid fractions, mixtures of lipids in organic solvents or recombinations of lipid fractions in organic solvents were dried under nitrogen and reconstituted in ethanol. Using the 'Microtiter' technique (Sever, 1962 ) two distinct HI tests were employed. In tests referred to as 'optimum pH HI tests', phosphate-buffered saline normally used in HI tests (Clarke & Casals, 1958) to adjust the reaction to optimum pH for haemagglutination was added to the lipid in ethanol to give a final 2o ~ (v/v) ethanol in buffer; o'o25 ml. antigen in pH 9 borate-buffered saline containing o-4 ~ bovine albumin was incubated at room temperature for 3o rain. with o'o25 ml. lipid in ethanolic phosphate buffer, and o.o 5 ml. gander erythrocytes added in a mixture of phosphate-B GORMAN buffered saline and borate-buffered saline at the pH for optimum haemagglutination. The reaction was allowed to proceed at room temperature. Thus in this test both initial lipid + antigen and later antigen + red-cell reactions took place at optimal pH. In the other test, lipid was reconstituted in 2o ~ (v/v) ethanol in pH 9 borate-buffered saline and incubated at room temperature for 3o min. with antigen in pH 9 borate-buffered saline containing o. 4 ~o bovine albumin. Erythrocytes were added in phosphate-buffered saline to give the optimum pH in haemagglutination. These were referred to as 'pH 9 HI tests', and were directly analogous to the standard techniques of Clarke & Casals (1958) . In both tests the lipids were tested against eight haemagglutinating units of antigen.
RESULTS

Range of erythrocytes agglutinated by arboviruses
Erythrocytes from various species were tested for sensitivity to haemagglutination. The results were expressed as the number of haemagglutinating units required to produce haemagglutination compared with the dilution of antigen agglutinating gander erythrocytes (Table 2 ). Only one animal of each species was tested with the exception that the results listed for cattle represented seven different animals tested. Snake erythrocytes were also examined microscopically and found not to be agglutinated by Murray Valley encephalitis virus. 
Haemagglutination-inhibition by lipid extracts of erythroeytes
Lipid extracts from snake and gander erythrocytes were tested against representative group A and group B arboviruses for HI at optimum pH and at pH 9. There was no significant difference in HI titre between the extracts nor any significant difference between the HI tests except that Ross River virus appeared to be more sensitive to inhibitor in the optimum pH HI test (Table 3) .
Haemaggfutination-inhibition by lipid fractions
Lipid extracts of gander erythrocytes fractionated on columns of DEAE-cellulose were tested as inhibitors of a number of arboviruses (Table 4) . Fraction D I inhibited all the viruses tested in the optimum pH HI test; fraction D z inhibited the group B viruses only; fraction Seven fractions were obtained from gander and sheep erythrocyte lipid extracts by silicic-acid chromatography. Three major lipid fractions were obtained; fraction 2 contained cholesterol and free fatty acid, fraction 5 amino-phosphatides and lecithin and fraction 6 sphingomyelin and lecithin. The other fractions contained minor lipid components. Only trace amounts of lecithin were detected in sheep fractions. All fractions were poor inhibitors and recombination of equal volumes of the fractions failed to restore the inhibitory activity. 
Haemagglutination-inhibition by standard lipids
Five standard lipids representative of major lipid classes were tested as inhibitors of a group A virus (Getah) and a group B virus (Murray Valley encephalitis). None of the lipids inhibited either virus significantly in either HI test at a concentration of 5 mg./ml. buffered solution. However, when the lipids were combined in pairs so that the total concentration of lipid in the mixture was again 5 mg./ml, buffered solution, some mixtures were inhibitory. Thus cholesterol mixed with oleic acid or lecithin inhibited both viruses, while cholesterol mixed with sphingomyelin inhibited Murray Valley encephalitis virus. Cholesterol acetate mixed with lecithin inhibited both viruses, and with sphingomyelin, Murray Valley encephalitis virus only. Cholesterol acetate mixed with oleic acid, or mixtures of the two steroids, the two phospholipids, or fatty acid and either of the phospholipids were not inhibitory (Table 5 ). Certain mixtures of three lipids, combined so that the total concentration of lipid was 5 mg./ml, buffered solution, were potent inhibitors of both viruses (Table 5) .
Digitonin precipitation of lipid extracts
Removal of cholesterol from gander lipid extract by precipitation with digitonin destroyed the inhibitory activity of the extract (Table 6 ). Spectrophotometric assay showed that over 90 ~ of the cholesterol could be recovered from the digitonide, but this recovered cholesterol was not inhibitory and recombination of it with the supernatant liquor after digitonin precipitation did not restore the original inhibitory activity. The extracts were examined by thin-layer chromatography, and cholesterol was detected in the recovered material but not in the supernatant liquor after precipitation; comparison of the total lipid extract and the supernatant liquor revealed no apparent loss of lipid except cholesterol.
After treating each of the DEAE-cellulose fractions with digitonin, no inhibitory activity was found in the supernatant material. No attempt was made to recover the precipitated material but addition of 6o #g./ml. of cholesterol to each of the supernatant liquors did not restore the inhibitory activity. The arboviruses tested agglutinated erythrocytes from a wide range of species. Goat erythrocytes, which have been reported as inagglutinable by some arboviruses (Banerjee, 1965) , were agglutinated in this study by the group B arboviruses. However, all reptile cells tested were insensitive to agglutination, and those of one particular snake were virtually inagglutinable. Several possible mechanisms for this inagglutinability were considered, e.g. absence of receptor sites, small number of sites or masking of sites. The fact that lipids extracted from gander and snake erythrocytes equally inhibited the four viruses tested suggested that lipids either do not constitute the receptor site for the virus or that, if lipids arc part of the receptor site, then the site is masked in snake erythrocytes. Other inhibitors of arbovirus hacmagglutination, including polyionic substances (Holden, Muth & Shriner, I966) , polysaccharides (Schulze, 1964; Colon et al. I965) , and azo dyes (Mercado & Smith, I959) have been reported, and there may well be no correlation between inhibitory activity and involvement in the receptor site on erythrocytes. I therefore interpret these experiments as casting doubt on any relation between the inhibitory action of erythrocyte lipids and the receptor site for arboviruses. Nicoli (1965) and Frisch-Niggemyer (1967) claimed that HI tests were more sensitive detectors of arbovirus inhibitors at optimum pH than at pH 9-The present results demonstrated no significant differences between the tests, except that in some experiments the group A viruses Ross River and Bebaru were slightly more sensitive to lipid inhibitors in the optimum pH HI test. The fact that lipid extracts in general inhibit haemagglutination at pH 9 as well as at the optimum pH for haemagglutination in itself suggests that lipid inhibition may depend on mechanisms quite distinct from the erythrocyte + virus interaction in haemagglutination, as none of the arboviruses used agglutinate erythrocytes at pH 9 although the work of Hale & Pillai (196o) indicates that some antigen+cell association occurs at pH 9-HI tests using lipid fractions obtained by chromatography on DEAE-cellulose showed that neither phospholipid nor cholesterol can be considered essential for inhibitory activity of lipid fractions. Erythrocytes are not known to contain tripbosphoinositide (Hawthorne & Kemp, i964), which Frisch-Niggemeyer (1967) suggested was essential for inhibitory activity of mouse brain lipid extract. Fractionation of lipid extracts on silicic-acid columns gave unsatisfactory results suggesting some breakdown or loss of a factor involved in the inhibitory activity of lipids. Degradation of lipids on silicic-acid columns has been reported previously by Fleischer & Rouser (1965) and Sgoutas (1966) . Similarly unsatisfactory results were obtained from treatment of a lipid extract with digitonin, with results suggesting at first sight that removal of cholesterol was sufficient to destroy the inhibitor. The failure of reconstitution experiments indicated other possibilities, e.g. that digitonin may have removed another component for which recovery techniques were inadequate, or that silicic acid and digotonin interfere with the formation of arrangements of lipids in aqueous solutions suitable for combination with viruses. The necessity for lipids to form suitable arrangements in aqueous solutions for interaction with arboviruses is supported by the results of HI tests with standard lipids. Inhibition of arboviruses by erythrocyte lipid extracts and by mixtures of lipids could have been due to the interaction of appropriate lipid arrangements in the aqueous buffers with lipids in the envelope of arboviruses. This has already been suggested by previous workers. Nicoli (1965) suggested that the results of Salminen (1962) were due to the interaction of lipid-containing viruses and lipid micelles. Frisch-Niggemeyer (1967) suggested that tick-borne encephalitis virus attached itself to micellar structures. The discrepancies between the results of different workers might become explicable if the structures of aggregates of inhibitory lipids were known in terms of the classes present and their concentration. Arbovirus inhibition by lipid mixtures must eventually be interpreted in terms of the artificial aggregates produced in aqueous solutions. The previous findings of essential components or relation to virus receptors cannot be sustained.
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